Proteins that can bind specifically to targets that also have an intrinsic property allowing for easy detection could facilitate a multitude of applications. While the widely used green fluorescent protein (GFP) allows for easy detection, attempts to insert multiple binding loops into GFP to impart affinity for a specific target have been met with limited success because of the structural sensitivity of the GFP chromophore. In this study, directed evolution using a surrogate loop approach and yeast surface display yielded a family of GFP scaffolds capable of accommodating 2 proximal, randomized binding loops. The library of potential GFP-based binders or ؆GFAbs؆ was subsequently mined for GFAbs capable of binding to protein targets. Identified GFAbs bound with nanomolar affinity and required binding contributions from both loops indicating the advantage of a dual loop GFAb platform. Finally, GFAbs were solubly produced and used as fluorescence detection reagents to demonstrate their utility.
A
ntibodies have long been a mainstay of biological and medical research, and the current use of antibodies as therapeutics has further expanded their portfolio of applications. More recently, to address various challenges such as the reduced stability and production yields of the antibody fragments that are frequently used in in vitro evolution platforms, and in large part as a result of intellectual property concerns, the field of alternative binding scaffolds has emerged (1) . By mutagenizing solvent-exposed loop regions or inserting diverse loop repertoires into nonantibody protein scaffolds, specific binding attributes can be conferred to proteins that naturally have desirable properties, such as high stability and production titers. In this way, alternative scaffolds such as the 10th human fibronectin type III domain (2) , anticalins (3) (4) (5) , designed ankyrin repeat proteins (6) , and Affibodies (7, 8) , among others, have been developed to bind to targets with antibody-like affinity.
Green fluorescent protein (GFP) has also been explored as a potential alternative scaffold. To date, GFP has been used for a wide variety of different applications (9) including Ca 2ϩ detection (10) , visualization of protein-protein interactions (11) , and as a reporter for protein folding (12) . Considerable effort has also been expended in attempts to develop GFP as a binding scaffold that would have 2 potential advantages over the aforementioned alternative scaffolds. First, by combining binding attributes with the intrinsic fluorescence of the GFP protein, the proteins could act as single step detection reagents in applications such as fluorescencebased ELISAs, flow cytometry, and intracellular targeting/trafficking in live cells. Second, GFP fluorescence requires that the protein is properly folded (13) offering an in situ metric for folding fidelity, absent from other alternative scaffolds. Such a folding probe could assist both assessment of library fitness upon binding loop introduction, and subsequent selection of properly folded, soluble clones.
Several attempts have been made to confer binding capability to GFP by inserting binding loops into various solvent-exposed turns that connect the ␤-strands of the GFP ␤-barrel structure. The regions of GFP that are most amenable to insertion of amino acids have been determined (turns Gln-157-Lys-158 and Glu-172-Asp-173) (14, 15) , although fluorescence is diminished substantially, and when random loops were inserted, the resultant library fluorescence decreased to 2.5% of wild type (14) . Selection of GFPinserted peptide libraries for targeting various intracellular compartments has also been performed (16) . In addition, antibody heavy chain CDR3 sequences have been inserted into several loop regions of superfolder GFP, a GFP variant evolved for high stability and improved folding kinetics (17) , to create libraries of single CDR3-inserted GFP. Results from this study indicated that insertion at many sites substantially reduces GFP fluorescence as seen previously with standard GFP variants (18) . Three loop regions of the superfolder GFP, however, tolerated single loop CDR insertions (including Asp-173-Gly-174) such that it was possible to isolate fluorescent binders against protein targets using T7 phage display, with the best being a 470 nM lysozyme binder (19) . This level of affinity is in the realm of that found for peptide binders (20) , likely as a consequence of its single-binding loop design. Affinity of GFPbased binding proteins could therefore in principle benefit from display of multiple binding loops that could act together to form a cooperative binding interface. However, the lone examples of multiple loop insertion into GFP include insertion of hemagglutinin peptide (21) or random loops (22) into 2 loops on opposite faces of GFP. While suitable for the authors' goals, these insertion locations would not be ideal for forming a cooperative binding interface. Moreover, GFP fluorescence of the resulting clones in the case of the random loop libraries was not demonstrated (22) . Thus, to date, robust fluorescent multiple loop-inserted GFP repertoires have not been described, even using the superfolder GFP as a template, likely because studies have used preexisting GFP variants that while bright and stable have not been optimized for binding loop insertion. Thus, in this study, the GFP scaffold itself was evolved to maintain its fluorescence properties in the presence of 2 inserted binding loops, and we demonstrated that scaffolds designed in this way were capable of accepting a diverse loop repertoire from which fluorescent binding proteins could be isolated.
antigen binding with both inserted loop regions (Fig. 1 A) . Surrogate binding loops in the form of CDRH3 and CDRL3 from the D1.3 anti-lysozyme antibody (25) were inserted into positions Glu-172/Asp-173 and Asp-102/Asp-103, respectively (Table S1 and  Table S2 ), and the resultant constructs were displayed on the surface of yeast. While a single loop inserted at the Glu-172/Asp-173 site of GFPM (GFPM-XMH3) could retain GFP fluorescence and expression on the surface of yeast as expected (Fig. S1 ), single-loop insertion at Asp-102/Asp-103 (GFPM-ASL3) ablated all GFP fluorescence and much of the surface expression (Fig. 1B  and Fig. S1 ). When both loops were inserted (GFPM-H3L3), very little surface display was detected and the protein possessed no fluorescence (Fig. 1B and Fig. S1 ).
Directed Evolution of a Family of Scaffolds that Can Accommodate
Dual Loop Insertion. We hypothesized that evolution of the GFPM-H3L3 dual surrogate loop-inserted scaffold for improved fluorescence and expression would yield a better folded and processed GFP scaffold capable of accommodating a diverse loop repertoire. Since GFP requires correct folding to become fluorescent (13) and very little nonfluorescent GFPM-H3L3 protein makes it through the yeast secretory pathway to the cell surface (Fig. 1B) , the secretory quality control machinery provided a reasonable filter that limited the export of proteins lacking an intact chromophore environment (Fig. S1) . Thus, the folding and processing fitness of GFPM-H3L3 was used as a convenient selection criterion. Scaffolds were mutagenized while keeping the inserted surrogate loops free of mutation (Fig. S3) . Then, scaffolds that were both fluorescent and displayed were selected using a combination of 2 induction conditions over 4 rounds of directed evolution. For directed evolution rounds 1-4, scaffold libraries were selected after display induction at 20°C since it has been shown previously that it is the optimum temperature for soluble expression of unmodified GFP using yeast (26) . In parallel to 20°C selections, for directed evolution rounds 2-4, the library was also selected after induction at 37°C to apply a more restrictive selection pressure that requires the scaffold to be properly folded and processed even at a temperature that has been shown to have deleterious effects on yeast expression for unmodified GFP (26) .
From the first round, 3 unique clones (20-1-3, 20-1-6, and 20-1-8) were obtained that exhibited improved fluorescence or expression or both (Table 1 and Fig. 1C , compare with GFPM-H3L3). Among these 3, clone 20-1-6 had 3 mutations: D19N, F64L, and A87T, all of which were conserved in 20-1-3 and 20-1-8 (Table  1) . To further improve the fluorescence and expression of the dual loop-inserted scaffold, the DNA sequences corresponding to 20-1-3, 20-1-6, and 20-1-8 were shuffled and mutated to obtain a second generation library of dual loop-inserted scaffolds. The best performing clones resulting from the second round, 37-2-1 and 37-2-7, were derived from the 37°C selection scheme. Of the second-round mutants, clone 37-2-7 had the highest external GFP fluorescence, yielding fluorescence per molecule (GFP/c-myc) 28% that of unaltered GFPM, with substantially improved cell surface expression. Comparison of the mutations found in 37-2-7 to 20-1-6 indicated the conservation and importance of all 20-1-6 mutations plus the presence of 2 additional mutations, Y39H and V163A ( Table 1 ). The GFP fluorescence per molecule was a bit lower for 37-2-7 than 20-1-6 indicating the additional mutations were pri- The chromophore residues are shown in space-fill green. The structure used was that of GFP with the S65T mutation pdb ID ϭ 1EMA (38) . (B) Flow cytometric dot plots for surface displayed GFPM, single loop-inserted GFPM-ASL3, and dual loop-inserted GFPM-H3L3. PE fluorescence (y axis) is indicative of full-length expression using the c-terminal c-myc epitope for detection and GFP fluorescence (x axis) is indicative of properly folded GFPM or its variants. The negative population lacking both PE and GFP fluorescence located in the lower left quadrant of dot plots in B is a nondisplaying population characteristic of yeast display. (C) Fluorescence (external GFP), full-length expression (c-myc), and fluorescence per molecule (GFP/c-myc) for the evolved scaffolds were normalized to non loopinserted GFPM for comparison. All data were derived using flow cytometry of triplicate yeast transformants induced for display at 20°C. It is important to note the GFP fluorescence measured via flow cytometry comprises an internal contribution from protein retained inside the cell and an external contribution from the displayed protein. Only the external contribution to the fluorescence is reported here (see SI Methods for details). Clones are named based on the selection they were recovered from, except for 20 -5-8 which was recovered in both the 20°C and 37°C selections. ND denotes the absence of a detectable signal. Secretion yields for the various scaffolds using a baseline expression system are denoted beneath each scaffold in (mg/ L). (D) GFPM structure with residues mutated in the 20 -5-8 scaffold highlighted. Loop insertion site Asp-102/Asp-103 is highlighted in red and Glu-172/Asp-173 is highlighted in blue. Structure on right was generated by rotating the structure on the left 180°to allow a clearer view of several of the mutations.
marily ''expression mutations'' (Fig. 1C) . After additional mutagenesis of 37-2-1 and 37-2-7, the best clone from the third round of directed evolution, 20-4-8, arose from the 20°C selection and had an approximate 2-fold increased fluorescence/molecule to reach 50% of the nonloop inserted GFPM parent ( (Table S3 ).
In addition to evolving folding and expression competence by 20°C and 37°C selections, it was hypothesized that direct selection of a more thermally stable surrogate loop-inserted scaffold could aid the maintenance of structural integrity by stabilizing the ␤-barrel fold and chromophore environment, leading to improved protein folding and processing. Thus, for the third round of directed evolution, using 37-2-1 and 37-2-7 as the templates for additional mutagenesis, a selection for loop-inserted scaffolds having increased resistance to thermal denaturation at 70°C was also performed. The 70°C selection, while yielding a significantly more thermally resistant scaffold, 70C-3 (half-life ϭ 21 min), failed to significantly improve GFP fluorescence and expression properties above the 37-2-7 parent (half-life ϭ 9 min) ( Fig. 1C and Fig. S2 ). In contrast, the less stable 20-4-8 (half-life ϭ 18 min) scaffold that arose from the same 37-2-1 and 37-2-7 parents via the 20°C selection had substantially improved properties ( Fig. 2 A and Fig.  S2 ). Interestingly, even from the 20°C and 37°C selections, there was a distinct trend toward scaffolds that along with improved fluorescence and expression, also exhibited gains in thermal stability matching or exceeding non loop-inserted GFPM (Fig. S2) . Taken together, it appears that improved scaffold fluorescence and expression required an improvement in thermal stability, but improved thermal stability alone does not guarantee improved scaffold fluorescence or expression. Thus, the secretory pathway of yeast is providing an additional selection criterion that can help sample segments of the fitness landscape not wholly substituted by a single biophysical property such as resistance to thermal denaturation. All round 2-4 scaffolds were produced as soluble fluorescent proteins at levels between 45-55% of GFPM, corresponding to 1.3-1.6 mg/L (Fig. 1C) , and thus represent potential scaffolds for dual random loop insertion in that they are expressed on the yeast surface and can be solubly produced as fluorescent proteins.
Development of Dual Random Loop GFPM Libraries. The next step of the study was to determine whether the surrogate loop-evolved scaffolds could accommodate amino acid diversity at both positions simultaneously. We also wished to determine how the various scaffolds having differing stability, fluorescence, and expression properties affected the quality of the resultant libraries in terms of expressed diversity and overall fitness. For each scaffold, the inserted loop regions were replaced by loops of the same length (8 aa at 172 and 173 and 9 aa at 101 and 102) that had been randomized using the NNK oligonucleotide method (See Materials and Methods for details, Fig. S3 ). The expressed diversity of the dual random loop libraries built into 37-2-7, 70C-3, and 20-4-8 scaffolds was indistinguishable. When corrected for stop-codon probability and the negative displaying yeast population lacking plasmid (27) , approximately 70% of the dual random loop-inserted GFPs not containing stop codons are displayed on the surface and possess fluorescence above background (Fig. S4A) . Interestingly, although an improvement in thermal stability occurred when evolving 37-2-7 to 70C-3 and 20-4-8 (Fig. S2) , there was no effect on the expressed diversity. However, the stability, folding, and processing attributes of the scaffold do appear to play an important role in library fitness for the expressed clones because the aggregate fluorescence, expression and stability properties of the libraries generally improve as the fitness of the scaffold improves ( Fig. S4A and compare with scaffold trends in Fig. 1C) . As an exception, the best scaffold in terms of fluorescence and expression properties, 20-5-8, only allowed 55% of the loop-inserted GFPs to be expressed. In addition, there was a drop in fluorescence and expression properties compared with the 20-4-8 library, indicating that gains provided by the evolution strategy may have been beginning to become specific to the amino acid content of the surrogate loops. Finally, to test the scaffold capability of accommodating different forms of loop diversity, a dual loop library in the 37-2-7 scaffold was also created using randomized loops possessing only tyrosine and serine residues as these have been shown to allow minimalist design of binding sites (28) . Indeed, 37-2-7 also accommodated this form of diversity although the fluorescence and expression properties were a bit diminished compared with the fully randomized loops discussed above (Fig. S4A ).
Selection and Characterization of Dual Loop-inserted GFP Binders
(GFAbs). For the selection of binders to various antigens, we combined the various scaffold libraries discussed above to form a selectable library of high fitness. Using flow cytometry, we recovered the top 20% of clones in terms of both GFP fluorescence and expression. The resulting GFAb library had an expressed diversity of 6 ϫ 10 6 clones having high fitness averaging 40% of the fluorescence and 60% of the expression of nonloop inserted GFPM (Fig. S4B ). This library was used for all binding selections discussed below. As proof-of-concept selections, binders against streptavidinphycoerythrin and biotin-phycoerythrin conjugates were selected by flow cytometry, and several unique GFAbs were recovered against each target and affinity titrations on the surface of yeast yielded binding dissociation constants from 70 nM to micromolar (Fig. S4C and Table 2 ). Next, GFAbs were raised against the monomeric extracellular domain of a neurotrophin receptor (TrkB) and against glyceraldehyde 3-phosphate dehydrogenase (GAPDH). While GAPDH-binding GFAbs bound in the 18-500-nM range, GFAbs specific to TrkB gave monomeric binding dissociation constants as low as 3.2 nM (Fig. S4C and Table 2 ). Moreover, although no counterselections were performed to finetune specificity, binding of the high affinity T3 GFAb to 2 other tyrosine kinase neurotrophin receptors (TrkA and TrkC) having high homology to TrkB was not detected, indicating the capability for identifying isoform-specific GFAbs. As a whole, GFAb clones had properties ranging from 25-160% of the displayed fluorescence/molecule of the parent scaffold, and surface expression levels ranged from 50-150% of the scaffold (Table 2) .
We also examined whether both loops in the putative binding in- 
terface contributed to the binding affinity of the selected clones. To accomplish this task, we individually grafted the binding loops for T3 back into the 20-5-8 scaffold such that single-loop GFAbs were created with the second loop being the surrogate loop. Affinity titrations of the single-binding loop variants were performed on the yeast surface and indicated that both loops contribute to the observed binding affinity. While the 20-5-8 scaffold possesses no binding affinity toward TrkB, addition of the 172-173 loop yields a GFAb with 300-nM binding affinity, addition of the 102-103 binding loop yields a GFAb of 19-nM affinity, while both loops as in the original T3 GFAb yield 2 nM affinity (Fig. S4C) . The analogous constructs were also created for the G6 GFAb that binds GAPDH with titrations again indicating dual loop contribution to binding. To further characterize the GFAbs, 5 were secreted from yeast and purified yields ranged from 0.3-2 mg/L ( Table 2 ). All soluble, purified proteins retained fluorescence with per molecule values ranging from 40-120% of the parent scaffold ( Fig. 2A , Table 2, and  Table S3 ). Moreover, the purified GFAbs possess binding activity as demonstrated by several fluorescent labeling assays. Streptavidin-PE binding 1.3 GFAb specifically labeled streptavidin-linked Table S3 .
beads with a fluorescent signal discernable from the parent scaffold (Fig. 2B) , and binding could be competed with soluble streptavidin-PE antigen. In addition, the G6 GAPDH-binding GFAb was used as a single-step reagent to detect GAPDH present in the cytoplasm of HEK-293 cells (Fig. 2C) . Finally, purified and soluble T3 GFAb was used in combination with TrkB-loaded beads and FACS for detailed binding-affinity measurement. Using solely the intrinsic fluorescence that results from T3 GFAb binding to the TrkB-loaded beads, the binding affinity of the soluble T3 GFAb was determined to be 34 nM (Fig. 2D) . The nanomolar binding affinity of soluble T3 GFAb was also further confirmed by a solution-phase competition assay where both the T3 and TrkB were in soluble form (see SI Methods for details). In summary, for each of the 4 targets there was at least 1 GFAb clone with a solid combination of affinity, fluorescence, and expression properties, indicating the ability to isolate useful lead molecules from the high fitness dual loopinserted GFP library.
Discussion
In this investigation, we demonstrate that it is possible to create fluorescent dual-loop inserted GFAb scaffolds capable of binding to various antigens with nanomolar affinity. Examination of the mutations in the evolved scaffolds reveals some cross-over with mutants previously identified to impart fluorescence and stability to GFP ( Table 1 ). The mutation F64L has been uncovered while evolving GFP for higher fluorescence when produced in E. coli, and the mutation improves the fluorescence per molecule in addition to shifting the excitation maximum to 488 nm (29) . The same study yielded the S65G and S72A mutations used in our enhanced GFPM starting template. Moreover, our selection for improved fluorescence per molecule was performed using an excitation of 488 nm, suggesting how the F64L mutation may function. DNA shuffling was previously used to improve the fluorescence of GFP largely by increasing solubility in bacteria, and the cycle 3 mutant identified in that study included the mutation V163A (30) . The V163A mutant is present in all of our dual loop library scaffolds and was likely isolated because the selection pressure used here included improved folding and processing through the yeast secretory pathway which could be a function of solubility. Another relevant comparison is the superfolder GFP that has been used quite extensively in binding loop insertion studies as described in the introduction. This protein was raised by attaching GFP to an insoluble protein (H-subunit ferritin) and evolving the GFP for enhanced fluorescence and solubility of the complex when expressed in E. coli (17) . In addition to F99S, M53T, V163A, F64L, and S65T present in the superfolder starting template, 6 additional superfolder mutations: S30R, Y39N, N105T, Y145F, I171V, and A206V were introduced that improved the forward folding kinetics of GFP and its chemical stability. Of the 6 superfolder mutations, Y39N (Y39H, this study) and N105T are found in our scaffolds. Interestingly, these 2 mutations appeared to function differently in superfolder GFP, Y39N improved refolding kinetics, while N105T improved refolding stability, both of which could be argued to assist processing through the yeast secretory pathway. In addition, 5 scaffold mutations (A87T, D19N, E172K, L221V, and D117G) exist, 2 of which were found in the very first round of directed evolution, which to our knowledge have not been reported as assisting fluorescence or expression properties of GFP or its variants. It is interesting to note that 2 of these mutations, A87T and D117G, along with N105T, are located in or near turns involved in the 2 beta strands that are part of the Asp-102-Asp-103 insertion position that was most deleterious upon surrogate loop insertion (Fig. 2B) . Another of these mutations E172K is part of the Glu-172-Asp-172 loop-insertion site (Fig.  2B) . Thus, these additional mutations are likely partially a consequence of the filter provided by the advanced secretory pathway of yeast that was an important part of the selection procedure, and partially a result of our approach to engineer a dual loopcompatible scaffold using the surrogate loop approach.
Yeast display is well suited for the engineering of fluorescent proteins because it is possible to select libraries using antigen and GFAb fluorescence as dual simultaneous criteria. This approach therefore results in selection of only fluorescent binders, something that could not be guaranteed using phage display without the aid of labor-intensive secondary confirmations (18) . Moreover, while there is not a perfect quantitative agreement between surfacedisplayed and secreted GFAb stability, fluorescence and binding properties (Figs. 1C and 2D, Table 2, Fig. S2 , and Table S3 ), surface display fitness of GFAbs certainly correlates with GFAbs that can be produced solubly while maintaining solid fluorescence and binding properties. The GFAb affinities for the selected clones ranged from low nanomolar to micromolar and were similar to those seen for binding clones isolated from other nonimmune antibody and alternative scaffold libraries (2, 31, 32) . Interestingly, compared with the highest affinity single loop-inserted GFP binder previously reported (470 nM) (19) , the dual-loop scaffold appeared capable of providing an extra level of binding affinity as loopswapping experiments with 2 individual clones selected against different antigens indicated that each loop contributed to the measured K D value. Moreover, it is expected that standard evolutionary techniques could be used to fine-tune the specificity, affinity and fluorescence properties of our lead GFAb molecules as desired. Although we constrained the randomized loop length to that of the surrogate loops for our lead library, it may prove useful for the fine-tuning of GFAb properties to include a component of loop length diversity as this approach has proven fruitful for antibody affinity maturation and for artificial scaffold maturation (28, 33) . Moreover, although the extracted GFAb binders all originated from the NNK-based loop libraries rather than the binary code YS library, further refinement of the amino acid content of the binding loops could also be a target for library optimization (34) . Finally, successful development of dual-loop GFAb scaffolds could enable a wide range of other applications given the range of GFP spectral variants that have been developed (9) , and the surrogate loop approaches used here could in principle be applied to other structurally homologous fluorescent proteins like the monomeric red fluorescent protein family (35) .
Materials and Methods
Strains and Media. Surface display was performed using the standard surface display yeast strain EBY100 (MATa AGA1::GAL1-AGA1::URA3 ura3-52 trp1 leu2⌬1 his3⌬200 pep4::HIS3 prb1⌬1.6R can1 GAL). Saccharomyces cerevisiae strain BJ5464 (MAT␣ ura3-52 trp1 leu2⌬1 his3⌬200 pep4::HIS3 prb1⌬1.6R can1 GAL) was used for protein secretion. Yeast cells were grown in minimal SD-CAA medium (20 g/L dextrose, 6.7 g/L yeast nitrogen base, 5 g/L casamino acids, 10.19 g/L Na2HPO4.7H2O, and 8.56 g/L NaH2PO4.H2O) and protein display or secretion was induced using SG-CAA (20 g/L galactose replacing dextrose). BSA (BSA) was added at 1 g/L as a nonspecific carrier for protein secretion studies. The E. coli strains XL1-Blue (Stratagene) and DH5␣ (Invitrogen) were used for molecular cloning. Luria-Bertani medium (10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl, pH 7.5, and 50 g/mL ampicillin) was used for bacteria growth and plasmid amplification.
Plasmids. Starting with pRS 316-yEGFP (26) which encodes a yeast codonoptimized variant of GFP (yEGFP) that also possesses the fluorescence enhancing mutations S65G and S72A (29) , site directed mutagenesis (Stratagene) was used to change alanine at position 206 to lysine to convert yEGFP into its monomeric form (24) (GFPM), and this plasmid was denoted pRS 316-GFPM (Table S1 ). Next, insertion mutagenesis (Stratagene) was used to insert 2 unique restriction sites AflII and SpeI between amino acids Asp-102 and Asp-103 to give pRS 316-GFPM-AS (Table S2) . Two more unique restriction sites, XbaI and MluI, were inserted between amino acids Glu-172/Asp-173 to yield the plasmid pRS 316-GFPM-XM. Insertion of restriction sites at both locations resulted in the plasmid pRS 316-GFPM-ASXM. These ORFs were then transferred to the pCT yeast surface display plasmid using NheI and BamH1 restriction sites (26) . Synthesized oligonucleotides (IDT DNA) encoding the 9 aa of CDRL3 and 8 aa of CDRH3 from the single-chain D1.3 antibody (25) were inserted at positions Asp-102/Asp-103 and/or Glu-172/Asp-173, respectively, to yield 3 more plasmids: pCT-GFPM-ASL3, pCT-GFPM-XMH3, and pCT-GFPM-H3L3 (Table S2) . Finally, pCT-GFPM-H3L3 was transferred to the pCT-ESO plasmid using NheI and BamH1 restriction sites as this plasmid is better suited for library mutagenesis (36) .
Scaffold and Dual Random Loop Library Creation.
To create the scaffold libraries, the inserted loop regions were kept constant while the remaining GFPM scaffold was mutated (see Fig. S3 for schematic, Table S1 for primers used, and SI Methods for experimental details). To create the dual random loop libraries, the scaffold including the added restriction sites was left unaltered while the 9 aa inserted at Asp-102/Asp-103 and the 8 aa inserted at Glu-172/Asp-173 were simultaneously randomized using the NNK method (see Fig. S3 for schematic, Table S1 for primers used, and SI Methods for experimental details).
Library Screening and Selection. For scaffold evolution, all libraries were grown in selective SD-CAA medium at 30°C to an OD600 of 1.0 and were induced at 20°C or 37°C in SG-CAA for 12-16 h. For 70°C selections, induced yeast were first subject to thermal denaturation for 30 min before sorting. The yeast display libraries were labeled with anti-c-myc antibody (1:100 dilution) (Covance) followed by anti-mouse phycoerythrin (PE) (1:40 dilution) (Sigma Aldrich). The library was first enriched for GFP positive clones for 2 to 3 rounds of sorting and the last round involved a stringent gate selecting cells with both GFP fluorescence and the presence of the c-myc epitope tag. All sort experiments were performed on a Becton Dickinson FACSVantage SE flow cytometric sorter at the University of Wisconsin Comprehensive Cancer Center. The recovered clones were sequenced using the PNL6 primer (31) (University of Wisconsin Biotechnology Center).
For selection of GFAbs, the dual random loop libraries using scaffolds 37-2-7, 70C-3, 20 -4-8, and 20 -5-8 were pooled together, induced, and labeled with anti c-myc antibody (Covance) followed by anti mouse PE (Sigma Aldrich). The double GFP and PE positive pool was collected and this pooled library was the source library for all binding selections. The intrinsic fluorescence of streptavidin PE and biotinylated PE was used for recovery of GFAbs against these ligands, whereas tyrosine kinase receptor B (TrkB) (R&D Systems) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Sigma Aldrich) were first biotinylated for detection of ligand binding (see SI Methods for selection details). All of the binders isolated were tested for affinity to secondary reagents and no cross-reactivity to an irrelevant biotinylated ligand (500 nM hen egg lysozyme) was detected. Any detected binding to secondary reagents is noted in Table 2 .
Protein Secretion and Purification. Scaffold and GFAb ORFs were subcloned from the pCT-ESO display construct to the pRS316-GFP expression vector by NheIBamHI digest (26) . BJ5464 transformed cells were grown for 72 h in SD-CAA at 30°C. The media was switched to SG-CAA supplemented with BSA for 72 h at 20°C. Protein purification was performed using a Ni-NTA column (Qiagen) as described earlier (26) . Relative secretion levels were determined by western blot analysis using the anti-c-myc antibody as described earlier (26) . Fluorescence properties of the purified protein as reported in Table S3 , were measured as described in the SI Methods.
Characterization of GFAbs. Binding affinity was determined using yeast surface display (37) . Yeast displaying GFAbs were incubated with different concentrations of ligand for 1 hour on ice. Binding was subsequently detected using the secondary reagent combinations detailed above and quantified by flow cytometry. The dissociation constant was obtained by fitting the binding curve to a 2-parameter equilibrium binding model as previously described (37) . To determine whether both loops contributed to binding, unique restriction sites upstream and downstream of the ORF were used to singly reinsert the surrogate loop into position 102/103 or 172/173. The effect of loops on affinity of TrkB binder T3 and GAPDH binder G6 were measured using yeast surface display. For details regarding the measurement of soluble GFAb properties in Fig. 3 , please see SI Methods.
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